the HindIII site on pUC19 (Table 1 ). pUC19 was double digested by EcoRI and HindIII. Linearized pUC19 and PCR products of Cyanothece genes were transformed into XL-1 Blue (18) .
The nifK gene was amplified by PCR using primers 7822 NifK1 and 7822 NifK2 ( Table 1) . Asymmetric PCR was carried out on pHM54 and pHM55 using the regular amount of 7822 NifK1 and 1/50 of the regular amount of 7822 NifK2 to produce single-stranded DNA (ss DNA) (37) . The PCR product of ssDNA was boiled for 5 min and put into ice immediately for electroporation.
The putative ⌬nifK mutant was analyzed for growth, acetylene reduction activity, and H 2 production as previously described (17) .
We made numerous unsuccessful attempts to construct specific knockout mutants of Cyanothece sp. strain ATCC 51142 (nifH, nifD, ntcA, and kaiA mutants) using single and double recombination procedures. The failure of single and double recombinations suggested to us that the Sp r cassette was inserted randomly into Cyanothece sp. strain ATCC 51142 at a very high frequency. To confirm this, we used the Sp r cassette alone, along with the kaiA knockout construct, to transform Cyanothece sp. strain ATCC 51142 in order to compare the levels of transformation. The Sp r cassette alone gave rise to as many transformants as the kaiA knockout construct. The Sp r cassette was recovered from the transformants that were produced by the Sp r cassette (along with its flanking sequences) and sequenced. The sequencing results (see below) from three transformants indicated that the Sp r cassette was inserted into the Cyanothece sp. strain ATCC 51142 genome randomly.
Sequencing results. Three results, as follows, were found. (i) The Sp r cassette was modified by direct repeats (TGCTTGC TGCTTGCTGCTTGCTGCTTGCTGCTTGCTGCTTGCTG CTTGCTGCTTGCTGCTTGC) and then inserted between amino acids (aa) 66 and 67 on cce_3669, a hypothetical protein. (ii) The Sp r cassette was inserted between aa 192 and 193 on cce_4555, a putative polysaccharide pyruvyl transferase. (iii) The Sp r cassette was inserted between aa 126 and 127 on cce_1116, a putative biopolymer transport protein.
From such experiments, we concluded that nonhomologous recombination was significantly more likely than homologous recombination and that Cyanothece sp. strain ATCC 51142 likely contained a recombination system that could insert such a cassette randomly throughout the genome.
Cyanothece sp. strains PCC 7424, PCC 7425, PCC 7822, PCC 8801, and PCC 8802 were successfully transformed by electroporation with a Tn5 derivative (pAM1037) and pRL448 to kanamycin resistance and by pRL1383a and pRL453 to Sp r . All of the strains, except PCC 7822, yielded many Sp r colonies by nonhomologous recombination ( Table 2 ). Since Cyanothece sp. strain PCC 7822 had the best ratio of legitimate transformation versus nonhomologous illegitimate recombination, it was chosen for mutagenesis by insertional inactivation.
PCR-amplified nifK was cloned into pUC19, and Cyanothece sp. strain PCC 7822 was transformed by electroporation using ssDNA made from pHM54 and pHM55 (Table 1 and Fig. 1 ). Twenty Sp r colonies were picked from each group for segregation by stepwise transfer onto fresh Sp plates three times, and 3 out of 20 colonies in each group demonstrated the mutant phenotype; i.e., they could not grow in the absence of combined nitrogen. We focused on three mutants from the pHM54 group. Colony PCR confirmed that two out of these three colonies had the Sp r cassette inserted in nifK as shown in Fig. 1 . DNA sequencing was performed on the PCR product from one colony, and the results ( Fig. 2 ) indicated that the Sp r cassette was inserted into the EcoRI site of nifK as designed and sketched in Fig. 1 . Colony PCR on the ⌬nifK mutant after 1 month of continuous growth in the presence of antibiotics indicated that chromosomal segregation was complete.
The phenotype of the ⌬nifK mutant was demonstrated both on plates and in liquid culture ( Fig. 3A and B ). When the ⌬nifK mutant and the wild type were spotted onto plates containing Sp, the wild type died, as seen after 5 weeks ( Fig. 3B , left plate), whereas the ⌬nifK mutant always grew well. When the two strains were spotted onto plates lacking combined nitrogen, the wild type always grew whereas the ⌬nifK mutant slowly died ( Fig. 3B, right plate) . The phenotype was noticeable by 1 week, and by 5 weeks, the culture was completely bleached (Fig. 3A) . This phenotype was demonstrated numerous times and has remained stable for Ͼ1 year. These results strongly suggested that the ⌬nifK mutant was incapable of growth on media lacking combined nitrogen and presumably was defective in N 2 fixation. We then checked the mutant for both hydrogen production and nitrogenase activity. As shown in Table 3 , the ⌬nifK mutant produced little hydrogen when incubated either in air or under argon.
Similarly, the nitrogenase activity of the ⌬nifK mutant differed from that of the wild type, but in an interesting fashion. As shown in Table 3 , acetylene reduction by the ⌬nifK mutant was actually higher than that of the wild type when cells were incubated with either acetylene in air or acetylene in argon. The rate of acetylene reduction by the ⌬nifK mutant under argon was ϳ1,000-fold greater than that by the wild type with acetylene in air.
This nitrogenase phenotype is not unique, and we must consider the relationship of H 2 evolution and acetylene reduction to the nitrogenase enzyme (1, 2) . Hydrogen is always produced when nitrogenase reduces N 2 to NH 3 , indicating that H 2 evolution is integral to the enzyme mechanism (23). Importantly, reduction of acetylene to ethylene is not accompanied by H 2 evolution and it is possible that nitrogenase reduces acetylene when only partially activated with no H 2 evolution. Acetylene reduction discharges nitrogenase before it ever reaches full activation. The current seven-stage mechanism for the fixation of N 2 to the production of 2NH 3 also explains why . Lane 2 is the 1-kb DNA ladder, and the 1.64-and 1.02-kb bands are highlighted. The 1.5-kb band in the ⌬nifK mutant then was sequenced to demonstrate that the Sp r cassette (Spec) was located within the nifK gene as shown in the scheme at the top.
FIG. 2. The Sp r cassette was inserted into nifK at the EcoRI site as designed. The PCR product from the ⌬nifK mutant was sequenced from a primer within the Sp r cassette, Sp/Up ( Table 1 ). The sequence underlined is the Sp r cassette, and the rest is nifK. The GAATTC sequence shown in bold is the EcoRI site. Another sequencing result using a primer with nifK (7822 NifK3, Table 1 ) confirmed the insertion of the Sp r cassette into nifK as well (data not shown). (A) The wild type and the ⌬nifK mutant were grown in BG11 medium without combined nitrogen for 5 weeks. The mutant was unable to fix nitrogen and began to appear bleached after 1 week. (B) The wild type and the ⌬nifK mutant were spotted onto BG11 plates with Sp (left) to demonstrate that the mutant, but not the wild type, was antibiotic resistant. The plate on the right contained no combined nitrogen and demonstrated that the wild type, but not the ⌬nifK mutant, could fix nitrogen.
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ssDNA KNOCKOUT MUTANT OF CYANOTHECE 7643 acetylene is a competitive inhibitor of N 2 fixation, whereas N 2 is a noncompetitive inhibitor of acetylene reduction (2, 5, 15) . Consistent with this feature, air (79% N 2 ) inhibited acetylene reduction in the wild type and the ⌬nifK mutant, but to a greater extent in the ⌬nifK mutant. This result suggested that the MoFe center is present in the mutant (1, 2) . Finally, N 2 cannot fully stop H 2 evolution, as we have also demonstrated in Cyanothece sp. strain PCC 7822 (17) , whereas acetylene can (1) . Thus, the phenotype of the ⌬nifK mutant indicated that the metal cofactors (e.g., MoFe) were assembled and were likely poorly integrated into the abnormal nitrogenase complex in the mutant. Cyanothece sp. strain PCC 7822 represents an excellent organism for further studies. It demonstrates cycling behavior of photosynthesis and nitrogen fixation, and like Cyanothece sp. strain ATCC 51142, it produces large quantities of organic acids, lipids, and polyhydroxyalkanoates (pHAs) and copious levels of hydrogen (17) . The genomic sequence has been completed, and we have the opportunity to use this strain for metabolic enhancement of one or more of these important compounds. a Cultures were grown in medium containing N (2.5 mM NH 4 NO 3 ) under low-light conditions for 10 days, washed with N-free medium twice, and grown in N-free medium for 3 days under low-light conditions. Then, 50 ml was added to 66-ml bottles. Some bottles were sparged with argon. Acetylene reduction assays were performed after the bottles were shaken under low-light conditions (30 mol photons m Ϫ2 s Ϫ1 ) for 22 h. After injection of 3 ml of acetylene, the bottles were also kept under light for 2 h. b Activities were computed as milligrams of chlorophyll a per hour, and the acetylene reduction activities were normalized to the wild-type value obtained in air. Hydrogen production rates are in micromoles of H 2 per milligram of chlorophyll a per hour.
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